We use a mixture of a polymer and its dimer to control dynamics in a manner inspired by pinning a fraction of the system. In our system of α-methyl styrene, where the polymer has a glass transition at higher temperature than the dimer, at intermediate temperatures, the polymer acts to "pin" the dimer. Within this temperature range, we obtain a measure of the point-to-set length and show that the degree of "pinning" has a profound effect on the fragility of the system. In particular, we find fragile behaviour implying a large degree of co-operativity in the case of low pinning fraction, while at a high level of pinning, we find strong liquid behaviour, indicating a small degree of co-operativity.
We use a mixture of a polymer and its dimer to control dynamics in a manner inspired by pinning a fraction of the system. In our system of α-methyl styrene, where the polymer has a glass transition at higher temperature than the dimer, at intermediate temperatures, the polymer acts to "pin" the dimer. Within this temperature range, we obtain a measure of the point-to-set length and show that the degree of "pinning" has a profound effect on the fragility of the system. In particular, we find fragile behaviour implying a large degree of co-operativity in the case of low pinning fraction, while at a high level of pinning, we find strong liquid behaviour, indicating a small degree of co-operativity.
Introduction. -The mechanism by which the viscosity of liquids increases by more than 14 orders of magnitude over a small change in temperature or density, the glass transition, remains one of the major challenges of condensed matter physics [1] . One enduring idea of the origins of such a massive increase in relaxation timescales is the drop in entropy in the supercooled liquid [2, 3] , which may be related to a so-called "ideal glass", an amorphous state with sub-extensive configurational entropy encountered at a temperature T K . Such a system should exhibit a divergent static lengthscale corresponding to the amorphous order related to the drop in configurational entropy. Because the system falls out of equilibrium at the operational glass transition T g > T K , this putative state is remarkably hard to access in experiment or computer simulation.
A major development in approaching the ideal glass is pinning [5, 6] , where a subset of the system is frozen. Effectively, when the static length scale of amorphous order is comparable to the separation of the pinned particles, the system can undergo an arrest reminiscent of an ideal glass transition. Crucially, this occurs at higher temperature where the dynamics of the unpinned system is amenable to computer simulation [7] [8] [9] , or experiments with colloids [10, 11] .
Despite the strengths of the pinning method, direct application to experiments on molecular liquids remains very challenging, since it is necessary to equilibrate the system and then somehow immobilize a subset c of pinned particles. However, it is possible to investigate a closely related phenomenon, of the change in dynamics where the immobilized subset of the system is the polymer of the constituent molecules. This is the approach that we pursue here. In particular we carry out thermodynamical studies by using differential scanning calorimetry (DSC) to investigate the glass transition in a dimer-polymer mixture in which the polymer has a glass transition T g at a rather higher temperature than the dimer. Vitrification of the polymer then acts in a manner similar to pinning a subset of the system.
We find an abrupt change in size of the dynamic correlation length at the glass transition temperature as a function of pinning fraction. In particular, for weaker pinning ( 20 wt%), we find a constant co-operativity length. In the stronger pinning regime ( 20 wt%), we find a drop in the cooperativity length with increasing polymer concentration. This is accompanied by a change in the temperature-dependence of the dynamics, from fragile to strong, reminiscent of previous computer simulations [12] .
Strategy to approach pinning in experiment. -Polymers have a range of concentration regimes, and here we are concerned with the semi-dilute and concentrated regimes. In our system, the crossover between these occurs at a polymer concentration around 30 wt%. In the semidilute regime, there is sufficient space between polymer chains for the dimer molecules to re-arrange. A schematic of these regimes is shown in Fig. 1(a) . Traditionally, the increase of mobility induced by the addition of small molecules is termed plasticization. Here, pinning a small molecule glassformer via the introduction of its polymer is a related phenomenon, but the dynamics are viewed from the perspective of the monomer rather than the polymer. For example, in the case of the toluenepolystyrene mixture, where the monomer has a similar chemical structure to the toluene, a separation of relaxation timescales involving the appearance of two glass transition temperatures is found [13, 14] .
For the system of interest here, the dimer-polymer mixture of α-methyl styrene, the pentamer-polymer and hexamer-polymer mixtures have been investigated [15, 16] , mainly in the concentrated regime, (higher than ∼30 wt% polymer concentration) where there is insufficient space between polymer segments for the molecular and oligomeric units to re-arrange between the (arrested) polymer chains, and so they do not dominate the dynamics of the system. Here, on the other hand we consider a larger range of polymer concentration, c pol 1-50 wt%, Here we introduced the polymer into the pure dimer liquid (from lower left to lower right) which plays a role as "pinned" particles due to the low mobility of the chain. The pinning fraction in both systems corresponds to the ratio of immobilizing particles and the polymer concentration, respectively. In those panels, pinned particles are illustrated in grey compared with normal molecules. (d) Chemical structures of the dimer (2,4-diphenyl-4-methyl-1-pentene) and polymer, respectively.
including the semidilute regime where there is enough space between the polymer chains for the dimers to rearrange, thus the latter should dominate the relaxation dynamics.
Experimental. -We used the α-methyl styrene dimer (2,4-diphenyl-4-methyl-1-pentene) and its polymer. The molecular weight and polydispersity of polymer were M w = 3.74 × 10 5 and M w /M n = 1.10, respectively. The pure dimer and polymer have glass transitions (T g , ie structural relaxation time of 100s) of 193 K and 420 K respectively. Therefore we presume the polymers are immobilized compared to the dimers for the temperature range 193 K < T < 420 K. Samples were initially equilibrated at room temperature, and then quenched at 10K/min to 130K, and finally equilibrated at 140 K for 20 minutes to begin heat capacity measurements. Further details of the experimental procedures may be found in the supplementary material (SM) [17] .
Identifying the glass transition in the polymer-dimer system. -As shown in Fig. 2(a) , the glass transition was detected as steps of heat capacities. Upon increasing the polymer weight fraction c pol , T g increases and the "transition" broadens. However, comparing the difference in T g between the dimer and the polymer, which is about 250 K, the increase in T g is limited to about 30 K even for a polymer concentration of 50 wt%, as shown in Figure 2 (c).
Previous work on dimer-polymer mixtures where the system is in the semidilute regime, found the increase in T g from the pure dimer to be very small (< 10 K) and the dependence of T g upon composition is not explained by traditional models [13, 14, [18] [19] [20] , which assume a smooth functional form upon composition [21] [22] [23] [24] [25] in marked contrast to our results. However we note that these models mostly consider a binary mixture of different polymers. In fact, Scanodola et al. reported a deviation from a traditional model especially in the semidilute regime for a mixture of polymer and low molecular weight liquid, polyvinylchloride and dimethylphthalate [18, 19] .
Elucidation of the pinning length scale. -We used Donth theory [26, 27] to determine the number of dimers (N (α) ) or characteristic volume of cooperative motion associated with alpha relaxation which corresponds to cooperative motion in the liquid. This separates the system into a large number of volumes (V (α) ), which are assumed to be non-interacting. Each volume is taken to have its own glass transition temperature. The energy is further assumed to have vibrational contributions E (vib) and contributions due to alpha relaxation, E (α) , the latter is assumed not to occur below T g .
One assumes the ratio between the energy differences related to α-relaxation E (α) and the range of glass transition temperatures of the elements is derived from the heat capacity gap near the glass transition temperature as
where c (α) V is the isochoric heat capacity gap near the glass transition temperature of the volume element and the δE (α) and δT (α) g are taken as fluctuations in E (α) and T g between different elements.
One then assumes that these energy fluctuations be- tween the volume elements are related to fluctuations and thus have a thermodynamic origin, and so are related to the heat capacity:
Now the size of the volume elements enables us to infer a lengthscale ξ = [V (α) ] 1/3 by relating the reciprocal heat capacity gap of each element to the reciprocal isochoric molar heat capacity gap ∆ (1/C V ) [28] [29] [30] . By combining Eqs. 1 and 2 with ∆C V = c (α) V /N A ρV (α) , where N A and ρ are Avogadro's number and the number density of dimers, respectively.
where R = N A k B is the gas constant. In order to obtain a measure for ∆(1/C V ), we approximate with the molar isobaric heat capacity C p as, ∆ (1/C V ) ≈ 0.74∆ (1/C p ) [16, 30] . The resulting lengthscale ξ is closely related to cooperatively rearranging regions (CRR) of Adam-Gibbs or random first order transition theory. This may be obtained from a thermodynamical treatment [31] [32] [33] . Here we use the molar isobaric heat capacity per dimer C p .
Change in co-operative lengthscale with composition.
-The results shown in Fig. 3 clearly demonstrate the effect of polymer concentration in different regimessemidilute, with polymer weight fraction less than ∼20-30% -and the concentrated regime. Upon increasing polymer weight fraction, T g and ∆T only slightly increase in the semidilute regime, but rapidly increase at concentrated regime, whereas the heat capacity change ∆C p is almost constant in each region with just a small drop from the semidilute to the concentrated regimes. These results reveal a significant difference in the size of cooperative regions N (α) and volume V (α) between the semidilute and concentrated regimes. In the semidilute regime, N (α) and V (α) are almost constant with N (α) ≈ 40 − 50 (or V (α) ≈ 20 nm 3 ) in the concentrated regime. However, in the concentrated regime, N (α) and V (α) drop significantly to around N (α) ≈ 5 and V (α) ≈ 2 nm 3 . That is to say, there is very little cooperativity. In the semidilute regime, the degree of cooperativity is consistent with previous studies corresponding to a fragile glass former [16, 30] , including the pure hexamer or pentamer [16] while the very small cooperativity in the concentrated regime is reminiscent of a strong glass former which would have no ideal glass transition [12] . Now the size of co-operatively re-arranging regions determined following Adam-Gibbs theory is substantially smaller than the size of cooperativity following Donth's theory [27] . While we emphasise that determination of these lengthscales is very challenging and is indirectly inferred [34] [35] [36] , one possible explanation for the discrepancy between assumptions based on Donth or Adam-Gibbs theory is that once the relaxation has occurred in a co-operatively re-arranging region some surrounding molecules may move to some extent, to which some approaches may be more sensitive than others. Indeed, the lengthscale of dynamical heterogeneity estimated by 4D-NMR experiments at a temperature of T g + 10K [34, 37, 38] is about 2-4 nm which is similar to our results in the semidilute regime. Other experimental methods to measure dynamical heterogeneity include forward recoil spectrometry [39] and measuring oxygen diffusion [40] , both of which also give values consistent with the data quoted here.
From a microscopic point of view, it is interesting to compare the free volume of regions between polymers. In the semidilute regime, the blob model describes the whole system as a collection of tight packing blobs constituted from only one polymer chain [4] . Here the blob size ξ blob is
where, c pol * ≈ 4.04wt% is the lower boundary of the semidilute regime, ν = 1 is the exponent which relates to molecular weight dependence of the polymer radius of gyration, where R g is the radius of gyration in the dilute limit. For poly α-methyl styrene we have R g ≈ 15.9 nm [41] . Since ξ blob reflects the typical interchain distance, the number of dimers in that space is estimated as [4] ,
where m d w is molecular weight of the dimer and m d w is 236. 35 . N blob denotes the estimated number of dimers.
Conclusion. -Here we demonstrate a means to suppress molecular relaxation in a manner inspired by pinning by using a dimer-polymer mixture. We expect that realization of the transition to the ideal glass is related to the concentration of pinning particles, and that sufficiently high concentration would destroy the transition such that the relaxation time of the system would simply grow without any thermodynamic transition. In fact, Cammarota and Biroli [5] demonstrated the existence of a critical point in the temperature -pinning concentration plane. In the case of the renormalization group approach there is a critical point with a fraction of pinned particles of about 0.22 below which the transition to the ideal glass is expected whereas above this concentration of pins, no transition to ideal glass is expected. This is close to the polymer concentration of 20 wt%, where we find the change to Arrhenius behaviour.
Considering these predictions, we would like to propose the scenario below, which is related to previous simulation work [12] . Below c pol ≈ 20 wt%, in the semidilute regime, the system behaves in a manner very similar to a pinning system and the number of cooperative monomer segments N (α) is almost constant with a value around 40-50, which suggests these glassy states have similar cooperativity. Then, at a polymer concentration of around 20 wt% the size of the co-operatively rearranging regions is reduced, until in the concentrated regime, higher than 30 wt% of c pol , the system behaves as a strong glass former which should not have a transition to an ideal glass. Although further investigation is needed to determine whether the suppression of the co-operativity emerges from the disappearance of transition to the ideal glass, or simply the effect of constraints from polymer chains, our work opens the way to approach pinning physics in a molecular system in experiment. Here we have restricted the interactions between the molecules and polymer to be identical by taking, dimers of the same monomer. However, as reported in previous studies, the polymer concentration dependence of T g does not agree with traditional theory [18] [19] [20] . The behavior of molecules in a semidilute polymer solution may therefore be understood within the context of pinning. Moreover, taking the viewpoint that pinning is equivalent to certain constraints, there is a possibility that previous studies in confined systems such as zeolites or silica [42] [43] [44] , all of which show a broadening of the glass transition, could be understood with the context of pinning.
Our work opens up the question of how the accessible routes towards pinning in experimental molecular systems influence the nature of the glass transition. The effects of polymerisation of the pins (rather than random pinning) and the non-equilibrium configuration of the vitrified polymer pins are important quantities to investigate theoretically or computationally, to enable this route towards an ideal glass to be placed on a firmer footing.
